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Resumo

Resumo

A Doenga de Parkinson é uma doenga em crescimento rapido em termos de prevaléncia,
em especial na ultima geragdao. Os sintomas da Doenga de Parkinson estdo geralmente
associados com debilidades no sistema motor. Os corpos de Lewy sdo maioritariamente
aceites pela comunidade cientifica como um marcador da Doenca de Parkinson. Os
corpos de Lewy sdo maioritariamente compostos por a-sinucleina. De acordo com a
literatura, a formacao de oligdbmeros de a-sinucleina devido a alteragdes no enrolamento
de folhas-B, vistas em fibras amiloides, ¢ a hipdtese atualmente aceite em relagdo ao
aumento das patologias de Lewy e as suas representagdes neurodegenerativas. A cannabis
¢ utilizada por doentes com Parkinson para reduzir os sintomas. Estudos recentes indicam
que o efeito dos fitocanabindides sdo mediados pelos receptores CB1 e/ou CB2. O
presente estudo tem como objetivo perceber as interacdes entre a a-sinucleina e o
canabidiol, através do estudo do comportamento da a-sinucleina em solugdo. Depois da
purificacdo da a-sinucleina, esta foi incubada com canabidiol (CBD) e o seu perfil
oligomérico, nivel de agregacdo e estrutura secundaria através de cromatografia de
exclusdo molecular, espetroscopia de fluorescéncia com ThT e dicroismo circular. Os
resultados da cromatografia por exclusdo molecular revelaram um equilibrio entre o
dimero e o tetramero, com um aumento do dimero na amostra com CBD. No dicroismo
circular, a percentagem de random coil diminuiu em ambas as amostras. A andlise de
Tioflavina-T levou a conclusdo de que ndo existiu agregacdo. No ensaio com menor
concentracdo, na cromatografia de exclusao molecular, existiu um equilibrio dindmico
entre o dimero e 0 mondmero, que por sua vez se alterou para outra forma monomérica

no fim da experiéncia.

Palavras-chave: Doenca de Parkinson, a-sinucleina, canabinoides, canabidiol,

agregacdo, cromatografia de exclusdao molecular.
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Abstract

Abstract

Parkinson’s disease is a fast-growing disease in terms of prevalence, especially in the last
generation. The symptoms of PD are usually associated with impairments in motor skills.
Lewy bodies are a PD feature widely accepted by the scientific community. The Lewy
bodies are mainly composed by a-synuclein (a-syn). According to the literature, the
formation of a-syn oligomers due to folding changes forming B-sheets, which are seen in
amyloid fibrils structure is the currently accepted hypothesis regarding the rise of the
Lewy pathologies and their neurodegenerative roles. Cannabis is used by Parkinson’s
Disease patients worldwide to reduce symptoms. Recent studies suggest that the effects
of phytocannabinoids are mediated by CB1 and/or CB2 receptors. The present study
aimed to understand the interactions between a-synuclein and cannabidiol, by studying
the behaviour of a-synuclein in solution when exposed to this phytocannabinoid. After a-
synuclein purification, the protein was incubated, with Cannabidiol (CBD) and its
oligomeric profile, aggregation rate and secondary structure was assessed by gel
exclusion chromatography, ThT fluorescence spectroscopy and circular dichroism. The
results from the size-exclusion chromatography reveal an equilibrium between dimer and
tetramer, with a higher increase of the dimer in the CBD sample. Regarding the circular
dichroism, the percentage of random coil decreased in both samples. The ThT analysis
led to the conclusion that there was no aggregation of a-synuclein. At low protein
concentration the size-exclusion chromatography revealed a dynamic equilibrium
between the dimeric and monomeric species, which in turn change to other monomeric

form, appearing in the chromatogram, towards the end of the experiment.

Keywords: Parkinson’s Disease, a-synuclein, cannabinoids, cannabidiol, aggregation,

size-exclusion chromatography
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Introduction

1. Introduction

1.1Parkinson’s Disease

Parkinson’s Disease (PD) is a fast-growing disease in terms of prevalence, especially
in the last generation (Ferreira et al. 2020). It is the most common neurodegenerative
diseases, after Alzheimer’s Disease (Ferreira ef al. 2020; Ohgita, 2022, Cooray 2020).
The symptoms of PD are usually associated with impairments in motor skills, such as
shaking, slower or interrupted movements (bradykinesia), difficulties in locomotion
and rigidity though there are other symptoms, not related to motor skill, including
depression, loss of smell and taste, constipation, psychosis, anxiety, and cognitive and
behavioural disorders which may progress to dementia (Polymeropoulos et al., 1997),
Pujols et al., 2020; Mahoney-Sanchez et al., 2021). Even though this disease was once
considered to be age-related due to the late onset at around 60 years of age, it is now
known that the onset of this disease can be as early as 21 years of age (Ferreira ef al.
2020). When the onset of PD is comprised between the 21 and 50 years of age, it is
considered to be early-onset Parkinson’s Disease (EOPD). The onset of PD may be
due to genetic and environmental factors, even though the vast majority of cases are
sporadic (Ferreira et al. 2020). According to the literature, 5% of the PD cases are
related to genetic causes. EOPD have a higher chance of being related to genetic
factors than the late-onset PD (LOPD) (Ferreira et al. 2020). Data from clinical reports
are in compliance with the low values for genetic and environmental PD, as most of
the cases have an unknown aetiology (Ferreira et al. 2020). Studies suggest that
associating genetic and environmental factors, such as the consumption of substances,
may increase the risk of PD, as the cellular response and the metabolism of substances
or toxins may increase the genetic tendency to PD. Chemicals and pollutants like
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) are known to modify the gene
expression related to PD, leading to a diminished resistance of neurons to toxins

(Ferreira et al. 2020).

1.2Lewy Bodies and a-synuclein

Among the scientific community, the Lewy Bodies are known as being the major

pathological hallmark of PD (Shahmoradian et al. 2019). The Lewy bodies have a-
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synuclein (a-syn) as their main component and this protein has been linked to the
formation of other pathologies such as Lewy Neurites (Wegrzynowicz, 2019;
Cookson 2009; Yasuda 2012; Shahmoradian et al. 2019). According to the literature
(Dauer 2003; Mahoney-Sanchez et al., 2021), the formation of a-syn oligomers due
to B-sheets abundant in amyloid fibrils, resulting from pathogenic a-syn aggregates is
the currently accepted hypothesis regarding the rise of the Lewy pathologies and their
neurodegenerative roles. According to Wakabayashi and collaborators. (2012) the
AS53T variant was identified along with autosomal dominant PD. The development of
PD can also be associated with the a-syn gene multiplication and the A30P and E46K
missense mutations (Wakabayashi ef al. 2012). It is accepted by the scientific
community that a-syn is one of the principal components of the Lewy Bodies in both
sporadic and hereditary PD (Wakabayashi et al. 2012). It is believed that there are
two types of Lewy Bodies — Brainstem and Cortical. Brainstem Lewy Bodies were
microscopically observed and described by Wakabayashi et al. (2012) as
“intracytoplasmic, single or multiple, spherical or elongated, eosinophilic masses
possessing a dense core and a peripheral halo”, while the Cortical Lewy Bodies were
described as also eosinophilic with the difference that there was no regular shape, the
structures were not well defined and often without a visible halo or core. Lewy
Neurites are Lewy Bodies that are found in neuronal processes. Structurally, the
Brainstem and Cortical Lewy Bodies are similar, mainly composed of thicker
neurofilament-like structures. In the core of Brainstem Lewy Bodies, there were
observed vesicular structures and abnormal filaments. The existence of the
argyrophilic inclusions in the midbrain of PD patients was revealed to be
immunoreactive to a-syn. The Lewy Bodies are present throughout the nervous
system even though they are more predominant in the substantia nigra (Wakabayashi
etal 2012).

Incidental Lewy Body Disease is considered to happen when the presence of Lewy
Bodies is detected even though there is no clinically documented PD or dementia in
the patient, and it is considered to be a pre-symptomatic stage of PD or Dementia.
Braak et al. (2003, 2006) suggested a PD evolutionary scheme based in 6 stages, based
on the presence of a-syn pathology in the dorsal vagal nucleus and in the olfactory
bulb. The scheme suggests an evolution of the presence of a-syn pathologies starting
in the dorsal vagal nucleus (stage 1) through the pontine tegmentum (stage 2), passing

in the midbrain (stage 3) and the basal forebrain and mesocortex (stage 4) and finally
14
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to the neocortex (stages 5 and 6). According to this scheme the first two stages
correspond to Incidental Lewy Body Disease, the stages 3 and 4 are related with motor
symptoms and the final stages correspond to cognitive impairment and the maximum

severity of this disease.

1.3Molecular Models in Parkinson’s Disease

There are several proposed models to the behaviour of a-syn and its conformational
changes in solution. All these models are set under the assumption that a-syn, in its
wild-type, is monomeric and evolves towards an oligomeric or aggregated form.
Villar-Piqué et al. (2015) suggested a triangle shaped model, being function,
structure, and toxicity of a-syn in each of the vertexes. In this model, it is suggested
that a-syn evolves from a monomeric state into an oligomeric state and further into
aggregates. The aggregation of an oligomer would be determined by the
oligomerization process, which could lead to either protofibrils and later into fibrils
and aggregates, or functional proteins.

Lashuel and collaborators (2012) (Figure 1) proposed that there is an equilibrium
between various types of oligomeric structures, such as spherical or annular
oligomers, and the monomeric structure. The authors suggested that this balance leads
to the formation of fibrils when the ratio of monomers to other structural types of a-
syn is low. Lashuel and collaborators (2012) also stated that the unfolded monomeric
structure interacts with the parallel dimers and a dynamic equilibrium is formed.
According to the authors, the addition of monomers to the solution will increase the
dimers and then cause the formation of oligomers. The prevalence of the oligomeric
structure can also grow by the addition of soluble monomers, leading to the formation
of small amyloid fibrils and consequently, by build-up, longer fibrils. These fibrils
will then lead to the formation of Lewy Bodies (Lashuel et al., 2012).
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Figure 1 - Suggested model for a-syn aggregation and fibril formation proposed by Lashuel ef al. (2012)

Mehra et al. (2019) (Figure 2) suggests that there are several paths of oligomerization
of both wild-type a-syn and mutant a-syn monomers and the type of oligomers formed
may be stable on their own, or undergo aggregation into small fibrils, leading to larger
fibrils, which can then lead to stable molecules, undergo surface-catalysis or suffer
fragmentation, also creating stable oligomers. This group of steady oligomers are the

eventual cause of synucleinopathies, such as PD.
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Figure 2 - Suggested model for a-syn aggregation and fibril formation proposed by Mehra et al. (2019)

1.4Chaperones and Chemical Chaperones

Chaperones are a class of small proteins that are responsible for protein homeostasis
in all organisms (Dimant et al., 2012). These molecules help in both folding of newly
synthesized proteins and in the refolding of partially folded or misfolded proteins
(Dimant et al., 2012; Horton et al., 2014). They may also intervene in decision making
processes of either refolding a misfolded protein or target it for degradation. The
process of degradation has two pathways, being these the ubiquitin-proteasome
system or the autophagy-lysosomal pathway (ubiquitin-proteasome system). The
actions of molecular chaperones allow proper folding of proteins that would have
been misfolded in overcrowded cellular environments (Dimant et al., 2012).

By having the capability of identifying misfolded proteins and preventing protein
misfolding, molecular chaperones play a role in PD. Actually, Lewy Bodies reveal
the presence of heat shock proteins (HSPs) such as Hsp40, Hsp70 and TorsinA. The
presence of these HSPs reveal a molecular attempt to control protein aggregation
through molecular chaperones. The up-regulation of Hsp27, Hsp40 and Hsp70 seems
to have a direct effect on the regulation of the overexpression of a-syn (St Martin et
al., 2007). The inevitable age-related decrease of HSPs capability of controlling

protein aggregation may also play a role in the formation of toxic protein inclusions.
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This will lead to a compromised ability of the chaperones to regulate the folding issues
that may occur. In turn, this series of events, lead to a repetitive loop causing
neurodegeneration.
Hsp70 is considered to be the most common response from a protein up-regulation
regarding cellular stress, and it has been linked to PD and a-syn as a therapeutic
approach. Hsp70 is composed of two domains, being these the N-terminal ATPase
domain and the C-terminal ligand binding domain. Even though Hsp70 is active both
in the forms bound to ATP and ADP, the ADP form has revealed to have an increased
chaperone activity (Dimant ef al., 2012). The regulation of Hsp70 comprises several
levels of regulation, such as the regulation of transcription and expression of the
expressed proteins. Heat shock transcription factor 1 (HSF1) and HSPs form a
complex, which is inactive when the cellular stress is inexistent. However, when the
cells are subjected to stress conditions, HSF1 is released from the complex, and binds
with heat shock elements in the promoter region of HSP gens in order to start the
transcription. The function of Hsp70 is also responsible for protein regulation with
co-chaperones mediation (Dimant ef al., 2012).
There are several studies in which it was demonstrated that Hsp70 is able to regulate
the level of a-syn protein aggregation. It was observed that Hsp70 prevented, reduced,
and eliminated a-syn oligomers thus decreasing the a-syn toxicity in cells. Klucken
et al. (2004, 2006) was able to observe that an amino acid substitution in the ATPase
binding domain of Hsp70 resulted in an inability to protect against a-syn toxicity.
Furthermore, it was also observed that Hsp70 can affect a-syn conformation and
disrupt its oligomerization, directly linking the chaperone function of Hsp70 and a-
syn aggregation. Another study highlighted that the expression of Hsp70 modified
extracellular a-syn aggregates and thus reducing the amount of extracellular a-syn
induced toxicity, backing up the role of chaperons in the reduction and clearance of
a-syn oligomers (Dimant ef al., 2012).
Hsp90 has a similar structure to Hsp70, as it also has an N-Terminal ATPase domain.
However, the C-terminal of Hsp90 is responsible for protein dimerization. In patients
with PD, Hsp90 was present in filamentous aggregates in Lewy Bodies and Lewy
Neurites. Like Hsp70, Hsp90 was found to have an impact in the modulation and
clearance of protein inclusions at a cellular level, due to Hsp90’s association with a-
syn when oxidative stress exists. It was also observed that Hsp90 binds to a region in
a-syn, inhibiting the binding to vesicles. Nevertheless, when ATP is present, Hsp90
18
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was observed to be a promoter of a-syn fibril formation. According to Liang ef al.
(2008), Hsp90 has also been linked to the suppression of a-syn’s toxicity in yeast

models.

Chemical chaperones are small organic molecules with chaperone-like activities. In
the 70’s a couple of authors observed the effect of alcohol and polyols as protein
stabilizers against thermal denaturation (Back et al., 1979). A decade later other
authors observed that glycerol facilitate protein folding and correct oligomeric
assembly (Lin et al., 1981; Henle et al. 1983). More recently, other small molecules
have been suggested as chemical chaperones, such as 4-phenylbarbituric acid, a low
molecular weight fatty acid (Rubenstein & Zeitlin, 2000). Overall, small organic

molecules may act as protein stabilizers.

1.5Phytocannabinoids

Cannabis sativa L. is a prevalent species in nature and can thrive in a large number of
regions around the globe. The utilization of Cannabis as either a source of food or as
a textile fibre (Kriese et al., 2004) can be dated as far back as 5000 years (Farnsworth,
1969, Turner et al., 2017), and its use as a medicinal plant can be traced back to 6t
century BCE in the Mesopotamia and in the Nile Delta regions (Thomas & ElSohly,
2016).

The number of natural compounds, cannabinoids and non-cannabinoids of Cannabis
have increased from 423 in 1980 to 545 in 2012 (Handbook of Cannabis, 2014).
Cannabinoids are a class of substances composed by chemical substances isolated
from Cannabis Sativa L. and their derivatives, as well as from by-products originating
from the plant, called phytocannabinoids (Pertwee, 2009). Until 2014, 104
phytocannabinoids were isolated and grouped into 11 categories, being them delta-9-
tetrahydrocannabinol (A9-THC) (18 compounds), delta-8 -tetrahydrocannabinol (AS8-
THC) (2 compounds), cannabigerol (CBG) (17 compounds), cannabichromene
(CBC) (8 compounds), cannabidiol (CBD) (8 compounds), cannabinodiol (CBND) (2
compounds), cannabielsoin (CBE) (5 compounds), cannabicyclol (CBL) (3
compounds), cannabinol (CBN) (10 compounds), cannabitriol (CBT) (9 compounds),

and miscellaneous-type cannabinoids (22 compounds) (Handbook of Cannabis 2014).
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CBD and cannabidiolic acid (CBDA) are the major metabolites of the non-
psychotropic variety of phytocannabinoids. CBD was isolated from cannabis in the
end of the 1930s and beginning of the 1940s, while its structure was explained in 1963
(Handbook of Cannabis. 2014). CBD is considered to have therapeutic potential either
as an anti-inflammatory and as a neuroprotector. The Food and Drug Administration
of the United States of America (FDA) has already approved Sativex®, which is
composed of A9-THC and CBD, as a medication to alleviate cancer and multiple
sclerosis pains. The therapeutic potential of CBD is related to its ability to target the
CB1 and CB2 cannabinoid receptors (Thomas & EISohly, 2016; Handbook of
Cannabis, 2014). However, phytocannabinoids were never tested as chemical
chaperones. In the present dissertation, a step is given to understand the potential of

phytocannabinoids as chemical chaperones.
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2 Materials and Methods

2.1 Culture, Expression and Lysis

A colony of Escherichia coli (E. coli) transformed with pt7-7-SNCA was inoculated
in Lysogeny Broth (LB) with 50pg/ml of ampicillin. The inoculum was incubated
overnight at 37°C with agitation. After incubation, cultures were performed and left
incubating at 37°C with agitation until the Optical Density at 600nm reaches 0,45 nm.
ImM of Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to the culture and
left incubating for 6h at 37°C with agitation. After incubation, the whole culture was
centrifuged at 9500rpm for 5 mins. The supernatant was discarded and 6ml of the
lysis buffer were added to the falcons. The lysis buffer consists of 50mM Tris (pH
8,5, 50mM KCI, 50mM MgAc, 0,1% (w/v) NaN3 and 300mM
Phenylmethylsulphonyl fluoride (PMSF). The falcon tubes were then stored at -80°C

after homogenization.

2.2 Extraction

Following the defrosting of the falcon tubes, the samples were sonicated and then
divided into ultracentrifuge tubes. The tubes were then ultracentrifuged at 14500 rpm
for 30 mins in a Beckman Coulter Optima™ Ultracentrifuge LE-80k. After the
ultracentrifugation, the supernatant was boiled in a bain-marie for 20 mins. The
samples were again distributed into the ultracentrifuge tubes and ultracentrifuged at
22900 rpm for 40 mins. The supernatant was then filtered using a 0,2 pm cellulose

filter. The samples were then stored at -80° C until the purification.

2.3 lon-Exchange Chromatography (IEX)

The samples were injected into an IEX Column (Q Sepharose™). The mobile phase
was a gradient system consisting of (A) 20mM Tris (pH=8) and (B) 20 mM Tris 0,75
M NaCl (pH = 8) (with an increase of 1,11% of buffer B every minute after the first
30 mins with 100% of the buffer A working at 5°C with a flow rate of 1,5 mL/min.

The protein corresponding to the chromatographic peaks at retention times 135 to 165

21



Phytocannabinoid effect on alpha-synuclein aggregation

mins were collected in falcon tubes and confirmed by SDS-PAGE. The samples were

stored at -80°C and then lyophilized.

2.4 Size-Exclusion Chromatography (SEC)

After lyophilization, the content of each falcon was dissolved in 1,25 ml of ultrapure
water. The samples were then run through a Superdex 75 column with a 150mM
Ammonium Bicarbonate (pH = 7,5) at temperature of 5°C and a flow rate of ImL/min
using a HPLC-UV pump (Jasco PU 2080/ UV 2075). The samples were collected and
tested for a-synuclein by SDS-PAGE, stored at -80°C and then lyophilized. The
lyophilized samples that contained o-synuclein were then injected into a Superdex
200 with a buffer of 50mM sodium phosphate buffer (pH = 7,4) using a HPLC-UV
pump (Jasco PU 2080/ UV 2075) at a flow rate of 0,4 ml/min and the retention time
was compared to the calibration curve. The a-synuclein peak was collected and
quantified for the amount of protein present by spectrophotometer, and then was

diluted to 46 uM prepared for incubation with CBD.

2.5 Incubation with CBD

For each assay, two samples were prepared, one containing o-synuclein (control
sample) and one containing 1,5724 mg/ml CBD and 0,66 mg/ml a-synuclein. Both
samples were then incubated at 37°C at 400 rpm (Eppendorf 13-175 Thermomixer
compact) and aliquots of each were collected at different time stamps and used to
analyse the concentration of the protein, secondary structure conformation and

aggregation.

2.6 Size-Exclusion Chromatography Analysis

The samples from the aliquots were injected into a Superdex 200 with the same

conditions described above.
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2.7 Circular Dichroism

The samples were analysed by Circular Dichroism (170 to 280nm) in a
spectropolarimeter (Jasco-180). 40uL aliquots were placed in a 0,Imm cell. The
circular dichroism spectra were deconvoluted using the CONTIN algorithm with the
reference set 6 in the DichroWeb Analyser. (Miles et al., 2021; Sreerama et al. 2000;
van Stokkum, 1990)

2.8 Thioflavin-T

A 10 mM ThT stock solution was prepared and diluted to 500 uM with 50 mM of
sodium phosphate buffer (pH = 7,4). The samples preparation consisted of 20 uL. 500
uM ThT, 10 pL of the sample and 200 puL of buffer. The fluorescence was measured
using a spectrofluorometer (Perkin Elmer LS50B) in the range of 460 to 560 nm, with
an excitation wavelength of 450 nm and the value at 482 nm (maximum fluorescence)

was recorded.
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3 Results and Discussion

3.1Behaviour of a-syn in solution

A calibration curve (Figure 3) was created using a combination of the MWGF200 and the
MWGEF70 Sigma Aldrich Marker Kits in order to establish the retention time of the
subspecies of a-syn. The substances with the known molecular weight used to create this
curve were f-Amylase from sweet potato (MW=200000 Da), Alcohol Dehydrogenase
from yeast (MW=150000 Da), Albumin from bovine serum (MW=66000 Da), Carbonic
Anhydrase from bovine erythrocytes (MW=29000 Da), Cytochrome C from horse heart
(MW=12400 Da) and Aprotinin from Bovine lung (MW=6500 Da). From this calibration

curve, the retention time of the a-syn monomer, dimer and tetramer were calculated.

Molecular Weight Calibration

y=-0,0619x+7,5691
R?=0,9739

0 10 20 30 40 50 60 70
Retention Time

® Molecular Weight Calibration

Linear (Molecular Weight Calibration)

Figure 3 - Calibration Curve for the molecular weight of subspecies of a-syn

Applying the equation resulting from the trendline of the calibration curve, the retention
time expected for the o-syn monomer (MW = 14460 Da) would be around 55,072
minutes, for the dimer (MW = 28920 Da) would be around 50,209 minutes and for the
tetramer (MW = 57840 Da) would be around 45,345 minutes.
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Figure 4 - Chromatography results of a-syn in solution (0,66mg/ml) at TO. (A) corresponds to the
oligomer, (B) corresponds to the tetramer and (C) corresponds to the dimer

Analysing the chromatogram in figure 4 we can observe that the tallest part of the mixed
peak, around the 45-minute mark, corresponds to the tetramer (MW = 60000 Da),
according to calibration curve values mentioned before. The smallest part of the mixed
peak, around the 40-minute mark, represents an oligomer around double the size of the
tetramer. The 36-minute marks a small variation in the peak can also be observed and it
indicates the presence of a molecule of higher molecular weight. Furthermore, between
the 50-minute mark, another variation can also be observed in the slope of the peak, most

likely indicating the presence of a dimeric structure.
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Figure 5 -- Percentage of subspecies present in the sample after incubation.
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After performing the Size-Exclusion Chromatography, the changes in the abundance of
different subspecies with time were observed. Figure 5 represents the relative changes of
a-syn species in solution in time. At early stages of the incubation, a single peak, at the
retention time (Rt) of 44 mins, fused with a smaller peak, at the Rt of 40 minutes
(oligomer), and another peak, at Rt of 51 mins, can be observed. The Rt44 peak represents
the tetramer. After 70 hours of incubation (T70), a mixture of two peaks can be observed.
These peaks represent the tetramer and dimer. After 168 hours of incubation (T168), the
sample show an equilibrium between the two species. Figure 5 represents the percentages
of the different subspecies in each time of incubation. It is observable the confluence of
the tetramer and dimer species into an equilibrium, reaching a nearly 50-50 split at T70.
The T78 results, reveal an increase in the percentage of the tetramer and a decrease in the
percentage of the dimer, while the T101 bring the values of the percentages closer again.
In the T168, the percentage of the dimer was superior to the percentage of the tetramer.

This might suggest that, after incubation, these subspecies converge into an equilibrium.

Circular Dichroism
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Figure 6 - Graphic Representation of the Circular Dichroism Assay in the wavelength range comprised
between 185nm and 240nm for the TO and T168 samples of the control set.

In the circular dichroism assay, it was observed a decrease in the molar ellipticity value
(Figure 6) in the T168 sample compared to the TO sample in the random coil area (around
200 nm). However, when we analyse the percentage of conformations (Figure 7), it is
observable that, not only a decrease in the random coil happened (78% in TO to 67% in
T168), but also an increase of 8% in the strands and of 4% in the turns (11%, in T0O, and

19%, in T168, Strands and 8%, in TO, and 12%, in T168, Turns). The a-helix percentage
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didn’t reveal any change, with 3% in all samples. Overall, the structural data suggests a

gain of regular secondary structure with time.
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Figure 7 - Graphic representation of the percentage of conformations through the circular dichroism
assay, obtained by analysis in the DichroWeb Website.
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Figure 8 - Graphic representation of the values for the ThT assay at 482 nm.
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The results of the fluorescence assay (Figure 8) do not reveal any tendency or significant
variation in the signal able to lead to a conclusion in whether there is fibril formation or

not.

3.2Behaviour of a-syn in solution at different concentrations

Two assays were carried out at different concentrations in order to analyse the behaviour
of the protein at above mentioned concentrations. The concentrations used were
0,66mg/ml for the first assay and 0,18mg/ml for the second assay.

Figure 9 represents the chromatograms for the time 0 at both assays in order to establish
a comparison between them. As stated before, in the first assay, the dominant species was
the tetrameric structure, with the presence of oligomers and a smaller presence of the
dimeric structure. In the second assay, it is observable the presence of tetramers in the
tallest point of the mixed peak, around the 43-minute mark, followed by dimeric
structures, around the 48-minute mark. The other alterations in the baseline are due to the
apparatus limitation since low concentration of protein is being applied. Thus, any

variations in the electrical signal from the equipment may lead to baseline changes.
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Figure 9 - Comparison between TO on the samples of (A) 0,66mg/ml and (B) 0,18mg/ml of a-syn.
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Figure 10- Comparison between the chromatograms of subspecies present in the samples from assay 1
and assay 2, at (A) 6 hours, 0,66mg/ml (B) 70 hours, 0,66mg/ml (C) 168 hours, 0,66mg/ml, (D) 24 hours,
0,18mg/ml, (E) 46 hours, 0,18mg/ml, (F) 92 hours, 0,18mg/ml and (G) 186 hours, 0,18mg/ml.

The comparison of these results (Figure 10) indicates that, although there is an
equilibrium between two major species tetramer and dimer, towards the later stages of
assay 1, in assay 2 that dynamic equilibrium never happens. Even though there is an
apparent equilibrium in Figure 10D, that equilibrium is between dimeric and monomeric
structures contrarily to the equilibrium between tetrameric and dimeric structures in
Figure 10C. In Figure 10E, there is a small variation in the baseline at the 47-minute mark
indicating the presence of dimeric structures, followed by a mixed peak of at the 53 and
57-minute marks. These peaks represent a monomeric structure (53 minutes) and a
modified monomeric structure (57 minutes) which is probably more compact and or a
molten globule (Judy & Kishore, 2019) interacting with the column matrix. In Figure

10F, there are two small peaks at the 36 and 44-minute mark representing molecules of
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higher molecular weight which indicates the aggregation of monomeric and/or modified
monomeric structures. The larger peak that follows has a small variation in the 53-minute
mark representing the monomeric structure and the larger peak at 57-minute mark
representing the modified monomeric species. In Figure 10G, there is a small peak at the
49-minute mark representing the dimeric structure, a variation in the profile of the larger
peak at the 55-minute mark, representing the monomeric structure and the larger peak
representing the modified monomeric structures.

Figure 11 represents the percentages of the different species. Unlike in assay 1 (Figure
11A), where there is a clear tendency to the dynamic equilibrium between dimer and
monomer, in assay 2 (Figure 11B), there is no visible equilibrium, but a tendency of
evolution towards a modified and more compact type of monomer. At 0 hours, the sample
showed to be mostly tetrameric, with a considerable percentage of dimer and a small
percentage of monomer, however, after 24 hours, the percentage of dimer increased
slightly, while the percentages of tetramer and monomer inverted, suggesting a migration
towards that structural form. After 46 hours, the percentage of dimeric structures was
almost 0, and the monomeric percentage also decreased to nearly half of what it was 22
hours earlier. However, it is observable that there was a new structural type with the
highest percentage in this time stamp, the modified and more compact monomer. The
time stamps after 46 hours were not included in the graphic due to the several variations
in the chromatogram, directly caused by the several peaks that appeared after the 60-
minute mark in the SECs, revealing an abundance of molecules with lower molecular
weight than the monomer. Table 1 and Table 2 show the percentage values for the
different species. In some situations, the percentages do not add up to 100% due to some

intermediate species that were purposefully left out in order to facilitate comprehension.
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Figure 11 — Comparison of the percentage of subspecies present in the samples after incubation. (A)
Represents the percentages of species in the sample from assay 1 and (B) represents the species from

assay 2.
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Table 1 - Percentages of species in the sample at higher a-syn concentration

Results and Discussion

0 6 19 24 31 45 54 70 78 101 168
Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours
Oligomer | 6.3% | 9.4%
Tetramer | 23.3% | 76.1% | 72.3% | 71.1% | 66.8% | 59.4% | 56.1% | 50.1% | 64.2% | 55.1% | 40.1%
Dimer | 70.4% | 14.6% | 27.7% | 28.9% | 33.2% | 40.6% | 43.9% | 48.4% | 35.8% | 44.9% | 59.9%

Table 2 - Percentages of species in the sample at lower protein concentration

0 Hours 24 Hours 46 Hours
Oligomer 9%
Tetramer 9.3%
Dimer 47.8% 3% 2.6%
Monomer 15.7% 15.7% 28%
Modified Monomer 49% 69.4%
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3.3Influence of CBD in o-syn
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Figure 12 - Changes in the subspecies present in the samples with CBD at (A) 6 hours (B) 70 hours and
(C) 168 hours. The results from the size-exclusion chromatography revealed an equilibrium between the
tetramer and the dimer species, however, opposite to what happened in the control sample, the T168
sample with CBD revealed an increase in the percentage of dimer.

Similar to what happed in the early stages of the incubation in the control sample, a single
peak, at the Rt of 44 mins, fused with a smaller peak, Rt of 40 minutes (oligomer), as well
as another small peak, at the Rt of 51 mins, was observed, representing the tetramer (Rt44)
and the dimer (Rt50). After 70 hours of incubation (T70), a mixture of two peaks can also
be observed, only this time the difference between the tetramer and the dimer relative
amount is slightly more pronounced. Nevertheless, after 168 hours of incubation (T168),
the sample shows an increase in the dimer, differing from the control sample. The results

suggest that CBD change the equilibrium between the tetramer and the dimer to the dimer

Regarding the percentages of the different subspecies in the sample in the presence of
CBD (Figure 13), the similar percentage of tetramer and dimer at the T70 can be observed.
At T78, like in the control sample, the tetramer has a higher percentage than the dimer.
Nonetheless, in the CBD sample at the T101 the dimer already has a higher percentage
than the tetramer, leading to an even greater gap at T168. These results might indicate
that the CBD tend to help stabilizing the dimer in detriment of the equilibrium observed

in the control sample.
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Figure 13 - Percentage of subspecies present in the sample with CBD after incubation
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Figure 14 - Graphic Representation of the Circular Dichroism Assay in the wavelength range comprised
between 185nm and 240nm for the TO and T168 samples with CBD.
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Figure 15 - Graphic representation of the percentage of conformations in the CBD sample through the
circular dichroism assay, obtained by analysis in the DichroWeb Website

Figure 14 shows that the variation between the TO and T168 Molar Ellipticity is not as
pronounced as in the control sample in the random coil area (around 200nm).
Furthermore, the variation of the percentages between the secondary structures’
conformations in the presence of CBD (Figure 15), is almost inexistant, with 3% in both
samples for the Helix conformation, and 14% for the Turns conformation in both samples.
The Strand conformation had a 1% increase (24% in TO and 25% in T168) and the
Random Coil conformation had a 1% decrease (59% in the TO sample and 58% in the
T168 sample). However, comparing the results from the control sample and sample in
presence of CBD, it is noticeable that the percentages of the conformations in the CBD
sample at TO are quite similar to the percentages of the conformations in the control
sample at T168 (Table 3), suggesting that CBD decrease the amount of Random Coil

conformation.

Table 3 — Comparison of the percentages of conformations in the control sample T168 and the CBD

sample at TO

Helix Strands Turns Random Coil
Control T168 3% 12% 19% 67%
CBD T0 3% 14% 24% 59%
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Figure 16 — Comparison of the graphic representations of the TO CBD sample and the T168 control

sample

The results from this assay suggest that the presence of CBD in the sample might have

had an immediate impact in the alteration of the secondary structure of the protein.
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Figure 17 - Graphic representation of the values for the ThT assay at 482 nm for the CBD sample.
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In similarity to the control sample, in the ThT assay, no conclusions can be drawn, as
there is no clear tendency or significant variation to assess the presence of fibers in the

samples.

3.4  Influence of CBD in a-syn at different concentrations

Figure 18 represents the chromatograms for the time 0 at both assays with CBD in order
to establish a comparison between them. Just like the control sample in the first assay
(Figure 18A), the dominant species was the tetrameric structure, with the presence of
oligomers and a smaller presence of the dimeric structure. In the second assay (Figure
18B), it is observable the presence of tetramers and oligomers in the beginning of the
slope towards the peak, in the time stamps comprised between 38 and 45 minutes.
However, in the tallest point of the mixed peak, around the 49-minute mark, dimeric
structures, around the 48-minute mark are the dominant structure in this chromatogram.
A small presence of monomers, around the 54-minute mark can also be observed. The
other alterations in the baseline could be already the modified monomeric structure

forming.
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Figure 18 — Comparison between TO on the samples of (A) 0,66mg/ml of a-syn with 1,5724mg/ml CBD
and (B) 0,18mg/ml of a-syn with 0,4289mg/ml CBD

The comparison of these results (Figure 19) indicates that, although there is an
equilibrium between two major species tetramer and dimer, towards the later stages of
assay 1, in assay 2 that dynamic equilibrium never happens. That also happened in the
control samples for the assay with lower concentration of a-syn. Just like in the control
samples, there is an equilibrium in Figure 19D between dimeric and monomeric structures
contrarily to the equilibrium between tetrameric and dimeric structures in Figure 19B and

19C, with the later having a tendency towards the dimer. In Figure 19E, there is an
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alteration of the peak, with the dimer at the 49-minute mark but the mixed peak this time
being a mixture of monomeric (53 minutes) and modified monomeric (59 minutes)
structures, revealing a tendency towards the modified monomeric structure. In Figure
19F, there is a small peak corresponding to the dimer at the 47-minute mark, as well as a
small monomeric peak at the 53-minute mark. In this chromatogram, it is clear that the
dominant species is the modified monomer. The tall peaks after the 60-minute mark
represent the species of lower molecular weight. In Figure 19G, larger molecules can be

observed, due to the aggregation of the modified monomeric species forming a larger

oligomer.
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Figure 19 - Comparison between the subspecies present in the samples with CBD at (A) 6 hours,
0,66mg/ml of a-syn with 1,5724mg/ml CBD, (B) 70 hours, 0,66mg/ml of a-syn with 1,5724mg/ml CBD,
(C) 168 hours 0,66mg/ml of a-syn with 1,5724mg/ml CBD, (D) 24 hours, 0,18mg/ml of a-syn with
0,4289mg/ml CBD (E) 46 hours, 0,18mg/ml of a-syn with 0,4289mg/ml CBD, (F) 92 hours, 0,18mg/ml
of a-syn with 0,4289mg/ml CBD and (G) 186 hours, 0,18mg/ml of a-syn with 0,4289mg/ml CBD.
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In Figure 20A comparison between the percentages of species in the samples with CBD
was made in order to assess the changes over time. In Figure 16A we can observe the
establishment of an equilibrium between tetramer and dimer after 72 hours of incubation,
with an increase in the dimer in the later stages of the experiment. In Figure 20B, at 0
hours, there was a small percentage of oligomers and tetramers in the sample, with a
percentage slightly higher of monomers and nearly 50% of dimers. After 24 hours of
incubation, there was a decrease in the percentage of dimers in the sample, with
monomers maintaining around the same values as in 0 hours and higher percentage of
modified monomers, with nearly 50%. After 46 hours of incubation, the percentage of
dimeric structures remained low, while the percentages of monomers and modified
monomers increased. In some situations, the percentages do not add up to 100% due to
some intermediate species that were purposefully left out in order to facilitate

comprehension.
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Figure 20 - Comparison of the percentage of subspecies present in the samples with CBD after
incubation. (A) Represents the percentages of species in the sample from assay 1 (0,66mg/ml of a-syn
with 1,5724mg/ml CBD) and (B) represents the species from assay 2 (0,18mg/ml of a-syn with
0,4289mg/ml CBD).
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Table 4 - Percentages of the different species in the CBD samples of higher concentration.

0 6 19 24 31 45 54 70 78 101 168
Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours | Hours
Oligomer | 13.5% | 7%
Tetramer | 73.7% | 77.8% | 76.2% | 72.8% | 65.9% | 56.1% | 56.6% | 47.8% | 61.2% | 49% | 32.9%
Dimer 12.8% | 15.3% | 23.8% | 27.2% | 34.1% | 43.9% | 42.5% | 52.2% | 38.8% | 51% | 67.1%
Table 5 - Percentages of the different species in the CBD sample of lower concentration.
0 Hours 24 Hours 46 Hours
Oligomer 9%
Tetramer 9.3%
Dimer 47.8% 3% 2.4%
Monomer 15.7% 15.7% 34.7%
Modified Monomer 49% 62.9%

Table 4 and Table 5 show the percentage values for the different species.
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3.50verview of the results and proposal of a model

According to our data, a-syn aggregation starts with the formation of modified monomers
that emerge from the native monomer after dimer dissociation. To the best of our
knowledge is the first time that the putative amyloid intermediate is describe as a modified
a-syn monomer. Actually, Villar-Piqué et al. (2015), Mehra et al. (2019) and Lashuel et
al. (2012), are elusive regarding the starting point of aggregation, mentioning the
subsequent steps, where aggregation is the result from the build-up from oligomers into
small fibrils and then larger fibrils, or the fragmentation of fibrils leading to a pool of
steady state oligomers.

The results of the study of the behaviour of a-syn in solution revealed that there is a
dynamic equilibrium between the tetrameric and dimeric structures in the higher
concentration assay and the formation of aggregates of modified monomeric structure in
the lower concentration assay. This leads to the conclusion that the concentration of the
protein in solution plays a role in the aggregation.

Regarding the results from the assay with CBD, the results from the circular dichroism
for the assay with the highest concentration showed that the percentages of the
conformations in the beginning of the CBD sample were similar to the percentages at the
end of the control sample. This may indicate that CBD play a role in the stabilisation of
the conformational changes. In the SEC, for the assay with the highest concentration, an
equilibrium was observed with a tendency towards the dimeric structure. In the assay with
lower concentration, the results of the SEC showed a prevalence of the modified
monomeric structure and the formation of aggregates of these modified structures. The

suggested model consists of the interpretation of these results.

Overall, this work had as an objective to study the effects of phytocannabinoids in a-syn.
The results obtained by this experiment suggests that there is an interaction between a-
syn and cannabidiol, judging by the changes in dimer tetramer equilibrium and the

changes in secondary structure motifs.
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4 Conclusion

The present study aimed to study the impact of phytocannabinoids on a-syn aggregation,
has produced four main observations:
1. Native a-syn exists in solution as an equilibrium between n-tetramer «» tetramer
<> dimer <> monomer.
2. The previously mentioned equilibrium seems to shift left or right depending on
the concentration.
3. The native monomer give rise to modified monomers.

4. Cannabidiol seems to stabilize the monomeric species

Based on the for above mentioned empirical observations, a model for a-syn is proposed

to gather the data.

The proposed model of a-syn aggregation consists of an equilibrium between the
tetrameric species with the dimeric species, as observed in assay 1. Furthermore, the
dimeric species tend to evolve into a modified monomeric species of lower molecular

weight, which forms aggregates creating high molecular weight aggregates.
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Figure 21 — Proposed molecular model for the aggregation of a-syn. (1) Oligomer, (2) Tetramer, (3)
Dimer, (4) Monomer, (5) Modified Monomer, (6) Beginning of aggregation, (7) Aggregates with high
molecular weight.

In Figure 21, the proposed model is presented. As observed in the assay 1, the presence
of oligomers at the start of the experiment before incubation was noted, along with
tetramers and dimers. Tetramers and dimers appeared to be in a dynamic equilibrium
between them, depending on a-syn concentration, not changing further into other species,
being them larger or smaller at moderated concentrations. In assay 2, the initial sample
revealed the presence of tetramers, dimers, and monomers. During incubation, the
dynamic equilibrium formed was between dimers and monomers, which then lead to a
prevalence of a modified monomeric structure. As the experiment progressed, the
modified monomeric structure started to aggregate with and by the end of the experiment,
larger molecules had formed, leading to aggregates with high molecular weight.

For the assay with lower concentration, the ThT and CD tests were not performed due to

the concentration being too low to be accurate.

Further studies should include a wider range of concentrations and the ThT and CD tests
for all concentrations. Different phytocannabinoids should also be included, being them
natural or synthetic, in order to understand how the different phytocannabinoids interact

with a-syn.
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Appendix

Chromatograms from the SEC performed in the samples with higher concentration of a-

syn in the presence of CBD from 0 hours (T0) until 215 hours (T215).
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Chromatograms from the SEC performed in the samples with higher concentration of a-

syn in the presence of CBD from 0 hours (T0) until 215 hours (T215).
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